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Abstract.  We use the power density spectra obtained by fluctuation-enhanced
sensing of bacterial odors (Escherichia coli and Anthrax-surrogate Bacillus subtilis)
to generate new, highly distinguishable, types of patterns based on the average slope
of the spectra in different frequency ranges. Such plots can be considered as
"fingerprints" of bacterial odors. Three different ways of pattern generation are tested,
including a simple binary version. The obtained patterns are simple enough to identify
the situation by the naked eye without a pattern recognizer.
1. Introduction
Bacterium detection and identification has an important role in medical and defense
applications. Analyzing their odor [1][2] has good prospects because of high speed,
low cost, wide availability, good sensitivity and selectivity, and solid-state electronic
noses [3-7] can be applied.
Recently, we have carried out an extensive experimental study [8] with commercial
Taguchi sensors to test the shape of the power density spectrum of their electronic
noise as an indicator to recognize bacteria. Power density spectrum is one of the
http://arxiv.org/abs/0902.1368
2easiest and natural tools of Fluctuation-Enhanced Sensing (FES) of chemicals [9-20].
Contrary to simple generation it contains significant sensing information and it has
been shown to enhance sensitivity by a factor of 300, or more [14,16]. It is also
relatively straightforward to construct a theory to explain its behavior [19].
In the present paper, we develop and test new methods to generate highly
distinguishable patterns from the measured spectra. These patterns can be used even
by the naked eye or simple algorithms to efficiently identify the bacteria.
In the tests, we use the spectra in paper [8]. For the actual spectra and the details of
sample  prepara t ion  and measurements ,  see  [8]  (prepr in t :
http://arxiv.org/abs/0901.3100 ).
2. Methods for pattern generation from power-density spectra
In [8] we used the following normalization of the power density spectrum of
resistance fluctuations:
( f ) = f Sr ( f )
Rs
2
, (1)
f  is the frequency, Sr ( f )  is the power density spectrum of measured resistance
fluctuations, and R
s
 is the measured sensor resistance, and the unit of ( f ) is 1. The
( f ) for sensors SP32, TGS 2611 and SP11, with the tested bacterium samples, for
both the heated and sampling-and-hold sensor measurements, are given in [8], and
their amplitudes and slopes have good reproducibility.
3Our first step of generating a highly distinguishable pattern is to quantify the average
slopes of ( f ) in distinct frequency ranges. We measure the average slopes of ( f ) in
six frequency bands with logarithmically equidistant widths: 100~333Hz,
0.333~1kHz, 1~3.3kHz, 3.3~10kHz, 10~33kHz and 33~100kHz.
Let us make the following notations:   is the average slope in each frequency sub-
bands (local slope) and   is the average slope over the entire measurement band
(100Hz~100KHz), see Figure 1.
Figure 1. Definition of   and  .
Further the local deviation   is defined for each sub-band as the difference between
  and   in the following equation
  =  (2)
Finally, the highly distinguishable patterns will be given by the following quantities,
4the sign   and the normalized local deviation
n
 , respectively, see the following
definitions:
 =  (3)

n
= log

 (4)
Note, the units of both the   and the 
n
 quantities are one. The quantity   is a binary
pattern that indicates if the   is larger or smaller than the  for each sub-bands of the
spectrum. The advantage of the quantity   is that it provides a very quick way of
quantified decision if two spectral patterns are identical or not. Using a simple
Boolean logic rule to evaluate these patterns with 6 bit values, can act as a pattern
recognizer and distinguish each situation where the pattern is different from the
others. On the other hand, 
n
 is a continuum variable and offers more information
when it is needed; however, the quantitative pattern recognition requires more
advanced tools.
When using the   histograms to represent our measurement results [8], the binary
patterns can be categorized into at least three classes of the four available possibilities,
see Figures 2-7, the empty, TSA, TSA+ E. coli or TSA+ Anthrax, where empty means
no sample, TSA represents the culture medium: tryptic soy agar, E. coli means the
harmless laboratory strain MG1655 as a surrogate for the pathogenic vegetative
bacteria Escherichia coli and Anthrax stands for the anthrax-surrogate bacterium, the
5sporeforming Bacillus subtilis. Moreover, only the sensor SP 32 in the heated working
mode [8] has distinct sign patterns for the TSA+ E. coli and TSA+ Anthrax situations.
Therefore, we can conclude that using the simple, binary pattern recognition is able to
distinguish the bacteria from the no-bacteria situations with each sensor in both the
heated and the sampling-and-hold working modes, respectively. However, by using
the binary patterns, only the sensor SP 32 working in the heated mode is able to
distinguish the two bacteria from each other. The conclusions of using binary pattern
  are summarized in Table 1.
Figures 8-13 show the plots of the 
n
 continuum patterns for all different cases.
Almost all the different measurement situations (except the sampling-and-hold
method with SP32) can be categorized into the four different available classes;
therefore, the 
n
 histogram can clearly distinguish all the four types of samples even
by the naked eye. However quantified unmanned pattern recognition needs more than
a simple logic function to assess the situation. The conclusions of using 
n
 are
summarized in Table 2.
Figure 2. The binary pattern   of the heated sensor SP32.
6Figure 3. The binary pattern   of the sampling-and-hold sensor SP32.
Figure 4. The binary pattern   of the heated sensor TGS2611.
Figure 5. The binary pattern   of the sampling-and-hold sensor TGS2611.
7Figure 6. The binary pattern   of the heated sensor SP11.
Figure 7. The binary pattern   of the sampling-and-hold sensor SP11.
Sensor FES Mode w/o Bacteria empty/TSA Bacteria Type
SP 32 Heated + + +
SP 32 Sampling-and-hold + + x
TGS 2611 Heated + + x
TGS 2611 Sampling-and-hold + + x
SP 11 Heated + + x
SP 11 Sampling-and-hold + + x
Table 1. Summary table of distinguished samples by using the binary pattern  . Notations: + well
detected/identified; x unrecognizable.
8Figure 8. The continuum pattern n  of the heated sensor SP32.
Figure 9. The continuum pattern n  of the sampling-and-hold sensor SP32.
Figure 10. The continuum pattern n  of the heated sensor TGS2611.
9Figure 11. The continuum pattern n  of the sampling-and-hold sensor TGS2611.
Figure 12. The continuum pattern n  of the heated sensor SP11.
Figure 13. The continuum pattern n  of the sampling-and-hold sensor SP11.
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Sensor FES Mode w/o Bacteria empty/TSA Bacteria Type
SP 32 Heated + + +
SP 32 Sampling-and-hold + + ?
TGS 2611 Heated + + +
TGS 2611 Sampling-and-hold + + +
SP 11 Heated + + +
SP 11 Sampling-and-hold + + +
Table 2. Summary table of distinguished samples by using the continuum pattern n . Notations: +
well detected/identified; ? at the limit, it may work fine with advanced pattern recognition.
.
4. Summary
In this work we have reported an exploratory study to generate and test highly
distinguishable types of patterns from power density spectra obtained by fluctuation-
enhanced sensing of bacterial odors with single Taguchi sensors. The conclusion of
the study is summarized in Tables 1-2.
Further work is required to explore how much the utilization of advanced pattern
analysis and spectral decomposition may enhance the performance of these sensors,
with these and other types of bacteria, in the fluctuation-enhanced mode.
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